In a previous study, the essential role of 3-sulfinopropionyl coenzyme A (3SP-CoA) desulfinase acyl-CoA dehydrogenase (Acd) in Advenella mimigardefordensis strain DPN7 T (Acd DPN7 ) during degradation of 3,3=-dithiodipropionic acid (DTDP) was elucidated. DTDP is a sulfur-containing precursor substrate for biosynthesis of polythioesters (PTEs). Acd DPN7 showed high amino acid sequence similarity to acyl-CoA dehydrogenases but was unable to catalyze a dehydrogenation reaction. Hence, it was investigated in the present study whether 3SP-CoA desulfinase activity is an uncommon or a widespread property within the acyl-CoA dehydrogenase superfamily. Therefore, proteins of the acyl-CoA dehydrogenase superfamily from Advenella kashmirensis WT001, Bacillus cereus DSM31, Cupriavidus necator N-1, Escherichia coli BL21, Pseudomonas putida KT2440, Burkholderia xenovorans LB400, Ralstonia eutropha H16, Variovorax paradoxus B4, Variovorax paradoxus S110, and Variovorax paradoxus TBEA6 were expressed in E. coli strains. All purified acyl-CoA dehydrogenases appeared as homotetramers, as revealed by size exclusion chromatography. Acd S110 , Acd B4 , Acd H16 , and Acd KT2440 were able to dehydrogenate isobutyryl-CoA. Acd KT2440 additionally dehydrogenated butyryl-CoA and valeryl-CoA, whereas Acd DSM31 dehydrogenated only butyryl-CoA and valeryl-CoA. No dehydrogenation reactions were observed with propionyl-CoA, isovaleryl-CoA, succinyl-CoA, and glutaryl-CoA for any of the investigated acyl-CoA dehydrogenases. Only Acd TBEA6 , Acd N-1 , and Acd LB400 desulfinated 3SP-CoA and were thus identified as 3SP-CoA desulfinases within the acyl-CoA dehydrogenase family, although none of these three Acds dehydrogenated any of the tested acyl-CoA thioesters. No appropriate substrates were identified for Acd BL21 and Acd WT001 . Spectrophotometric assays provided apparent K m and V max values for active substrates and indicated the applicability of phylogenetic analyses to predict the substrate range of uncharacterized acyl-CoA dehydrogenases. Furthermore, C. necator N-1 was found to utilize 3SP as the sole source of carbon and energy.
R
ecently, we characterized the novel 3-sulfinopropionyl coenzyme A (3SP-CoA) desulfinase acyl-CoA dehydrogenase (Acd) from Advenella mimigardefordensis strain DPN7 T (Acd DPN7 ) (1) . This enzyme converts 3-sulfinopropionyl-CoA to propionylCoA by abstraction of sulfite. Acd DPN7 shares no amino acid sequence homologies with other desulfinases that have been described so far but shows high sequence similarity to acyl-CoA dehydrogenases (EC 1.3.8.x). Furthermore, a BLASTp search against the whole database indicated that the closest relatives are various bacterial acyl-CoA dehydrogenases (1) . All members of the Acd superfamily are flavoenzymes and catalyze ␣,␤-dehydrogenation reactions with acyl-CoA thioesters in a flavin adenine dinucleotide (FAD)-dependent manner (2, 3) . The reaction mechanism of acyl-CoA dehydrogenase can be separated into a reductive and an oxidative half reaction. In the first step, a catalytic glutamate residue abstracts the ␣C-H hydrogen as a proton. During the reductive half reaction, the ␤C-H hydrogen is transferred as a hydride to position N-5 of the flavin. Therefore, one molecule of FAD is noncovalently bound in each subunit, resulting in a yellow appearance of purified Acds (4) . The subsequent oxidative half reaction is required to regenerate the oxidized FAD by transferring the electrons from FADH 2 to an electron transfer flavoprotein (ETF) (5, 6) . Acds catalyze the dehydrogenation of a variety of acyl-CoA thioester substrates but can generally be divided into subgroups, which are separated according to their metabolic function. One group includes short-chain Acds (SCADs), mediumchain Acds (MCADs), long-chain Acds (LCADs), and very long chain Acds (VLCADs), which are involved in fatty acid ␤-oxidation (7) . Another group comprises acyl-CoA dehydrogenases, which are involved in the degradation of branched-chain amino acids (8) . These are iso-2-valeryl-CoA and iso-3-valeryl-CoA dehydrogenases (i2VDs and i3VDs, respectively) as well as isobutyryl-CoA dehydrogenase (iBD) and glutaryl-CoA dehydrogenase (GD) (5) . Other acyl-CoA dehydrogenases are involved in the degradation of terpenoids (9) , anaerobic degradation of aromatic hydrocarbons (10) , or the stress response (11) . Furthermore, Erb et al. (12) reported on 2-methylsuccinyl-CoA dehydrogenase (MCD), which catalyzes the last step of the ethylmalonyl-CoA pathway. Only recently, Acds were described to be involved in the degradation of cholesterol by Mycobacterium tuberculosis (13, 14) .
Acd DPN7 shares most of the common features of acyl-CoA dehydrogenases and even contains a tightly bound FAD cofactor. However, it did not catalyze the dehydrogenation of acyl-CoA thioesters (1) . The latter was explained by the absence of the strictly conserved active glutamate residue in the active site (1) . Due to the fact that the 3SP-CoA desulfination reaction is basically a hydrolysis and occurs in the absence of an additional electron acceptor, it was postulated that the FAD cofactor in Acd DPN7 is not directly involved in the catalytic mechanism. It was proposed that it is necessary for the structural integrity of the enzyme and for the proper positioning of the substrate during catalysis.
The aim of the present study was to determine whether 3SP-CoA desulfinase activity is an uncommon or a widespread property within the acyl-CoA dehydrogenase family. Therefore, we isolated and characterized 10 acyl-CoA dehydrogenase homologs from different bacteria which have not been examined before. In general, only acyl-CoA dehydrogenase homologs from bacteria with an available complete genome sequence were selected. This approach enabled us to choose the acyl-CoA dehydrogenase homologs with the highest sequence identity to the Acd DPN7 sequence and in some cases facilitated conclusions regarding the growth behavior of the respective strains. Escherichia coli BL21, Pseudomonas putida KT2440, Burkholderia xenovorans LB400, and Ralstonia eutropha H16 are well-characterized model Gramnegative organisms. As heterologous protein expression occurred in E. coli BL21, this strain was of special interest. Cupriavidus necator N-1 was included in the study due to the high similarity of its genome sequence to that of R. eutropha H16 (6) . Advenella kashmirensis WT001 was included in the study as the first characterized 3SP-CoA desulfinase was from A. mimigardefordensis DPN7 T and it was of interest to know if A. kashmirensis WT001 also possesses a 3SP-CoA desulfinase. Bacillus cereus DSM31 was chosen as a representative of Gram-positive bacteria. Variovorax paradoxus TBEA6 was shown to utilize 3SP in a previous study (15) . Hence, it was most likely that this strain possesses a 3SP-CoA desulfinase. V. paradoxus strains B4 and S110 were available in our laboratory but cannot utilize 3SP and were thus compared to V. paradoxus TBEA6.
Here, we present our results regarding the enzymes' substrate range and reaction kinetics together with the results of amino acid sequence analyses.
MATERIALS AND METHODS
Bacterial strains and cultivation conditions. The strains used in this study are presented in Table 1 . Donor strains for acd were cultivated at 30°C on either lysogeny broth (LB) medium (16) (A. kashmirensis WT001, B. cereus DSM31, E. coli BL21, P. putida KT2440), nutrient broth medium (16) (C. necator N-1, V. paradoxus S110), or mineral salt medium (MSM) (17) (R. eutropha H16, V. paradoxus B4 and TBEA6) containing 0.5% (wt/vol) gluconate as the sole carbon and energy source from a filtersterilized stock solution. Cultivation of E. coli was carried out in LB medium at 30 or 37°C under aerobic conditions on a rotary shaker operating at 105 or 140 rpm. To prevent the loss of plasmids, media were supplied with following antibiotics at the indicated concentrations: ampicillin at 100 g/ml and chloramphenicol at 34 g/ml. For heterologous acd expression in E. coli, cells were cultivated in ZYP-5052 medium at 30°C for 24 h, resulting in the autoinduction of genes under the control of a lac promoter (18) . The problem of inclusion body formation due to overexpression was overcome by shifting the cultivation temperature (20 to 37°C), as described in the Results section.
Chemicals. 3SP of at least 95% purity, according to gas chromatography (GC), was synthesized by using a method described previously by Jollés-Bergeret (19) , but it was modified by repeating the step for alkaline cleavage of the bis-(2-carboxyethyl)sulfone intermediate (1, 20, 21) .
For in situ formation of 3SP-CoA, which is also not commercially available, an assay consisting of the following components (final concentrations) was used: 3SP (12.5 mM), coenzyme A (0.25 mM), ATP (0.4 mM), MgCl 2 (7 mM), and SucCD (200 g/ml). The enzyme SucCD (succinate-CoA ligase of E. coli BL21) catalyzes the conversion of 3SP into 3SP-CoA. The expressed and purified protein was generously provided by Johannes Nolte (22) . Tris-HCl (50 mM, pH 7.4) served as the buffer for stock solutions as well as for the reaction medium. The assay mixture was incubated at 37°C for 30 to 60 min. CoA thioester synthesis was examined by regular sampling (2 l) and by addition of 2 l of a 10 mM solution of 5,5=-dithiobis(2-nitrobenzoic acid) (DTNB) in 50 mM Tris-HCl, pH 7.4, to the samples. DTNB reacts with free coenzyme A, resulting in a yellow color whose intensity depends on the amount of free CoA (23) . The mixture was incubated until 3SP-CoA synthesis seemed to be completed, as indicated by colorless samples, resulting in a 0.25 mM 3SP-CoA stock solution. SucCD was removed by size exclusion chromatography using Vivaspin 6 tubes with a molecular mass cutoff of 10 kDa (catalogue number 512-3775; Sartorius Group, Göttingen, Germany) and centrifugation (20 min, 4°C, 3,400 ϫ g).
Analysis of 3SP by GC. For examination of 3SP formation and purity by GC analysis, methylation of samples was achieved by using 1 ml of chloroform, 0.85 ml of methanol, and 0.15 ml of sulfuric acid. The mixture was incubated for 3 h at 100°C. After the subsequent addition of 2 ml H 2 O, samples were mixed thoroughly for 30 s. The organic phase including the resulting methyl esters of the organic acids was separated. Three microliters of the samples supplied by split injection (split ratio, 20:1) was analyzed using a HP6850 gas chromatograph equipped with a BP21 capillary column (50 m long, 0.22 mm in diameter, 250 nm in film thickness; SGE, Darmstadt, Germany) and a flame ionization detector. Helium served as the carrier gas and was used at a flow rate of 0.6 ml/min, and the injector and detector temperatures were 250°C and 240°C, respectively. Peaks were identified by use of a combination of AMDIS software and the NIST database (24) . Synthesis of CoA thioesters. The in situ formation of propionyl-CoA, butyryl-CoA, isobutyryl-CoA, valeryl-CoA, isovaleryl-CoA, succinylCoA, or glutaryl-CoA was performed by a modified technique based on the anhydride method of Simon and Shemin (25) . Therefore, a 13 mM coenzyme A solution was prepared by dissolving 5 mg of the trilithium salt (Merck KGaA, Darmstadt, Germany) in 500 l Tris-HCl (0.5 M, pH 8). CoA thioesters were received by addition of small amounts of the respective anhydride to the CoA solution, which was constantly kept on ice, until no free coenzyme A was detectable. The reaction process was monitored by employing DTNB (23) . After adjusting the pH to 5.0 by addition of concentrated hydrochloric acid, the resulting 13 mM acyl-CoA thioesters immediately served as the substrate for enzyme characterization.
Isolation and manipulation of DNA. Chromosomal DNA of the different acd donor strains (listed in (26) . High-purity plasmid DNA of E. coli was obtained by employing a peq-GOLD plasmid miniprep kit I (Peqlab Biotechnologie GmbH, Erlangen, Germany), whereas plasmid DNA of lower quality was isolated on the basis of the method of Birnboim and Doly (27) . Purification of DNA fragments or plasmid DNA due to gel extraction was carried out using a PureExtreme GeneJet gel extraction kit from Fermentas GmbH (St. LeonRot, Germany). All activities concerning the usage of the kits were performed according to the manuals of the manufacturers. Restriction endonucleases for DNA digestion were also purchased from Fermentas GmbH and utilized as instructed by the manufacturer. Either Phusion HighFidelity DNA polymerase obtained from Fermentas GmbH or Taq DNA polymerase from Bioline GmbH (Luckenwalde, Germany) served for PCR-based amplifications, which were executed with a Primus advanced 96 or a PeqSTAR 2ϫ gradient thermal cycler (Peqlab Biotechnologie GmbH, Erlangen, Germany). The required primers, listed in Table S1 in the supplemental material, were synthesized by MWG-Biotech AG (Ebersberg, Germany). Ligations were carried out using T4 DNA ligase from Fermentas GmbH.
Transfer of DNA. The preparation and transformation of competent E. coli cells were performed according to the CaCl 2 method described by Sambrook et al. (16) .
DNA sequencing and sequence data analysis. DNA sequencing was carried out by Seqlab (Göttingen, Germany), and the sequences obtained were analyzed using the BLAST feature of the NCBI server (National Center for Biotechnology Information [NCBI; http://www.ncbi.nlm.nih .gov/BLAST/]) (28) .
Construction of expression plasmids [pET23a(؉)::acd xyz ]. The various acd genes were amplified from the chromosomal DNA of the different donor strains (Table 1) by PCR using the corresponding primers listed in Table S1 in the supplemental material. PCR products were purified utilizing a PureExtreme GeneJet gel extraction kit from Fermentas GmbH (St. Leon-Rot, Germany) and digested according to the primer-based restriction sites (see Table S1 in the supplemental material). The T7 promoter/polymerase-based expression vector pET23a(ϩ) (Novagen, Darmstadt, Germany) was digested analogously to the acd genes and ligated with the appropriate PCR products. By removing the stop codons of the nucleotide sequences during PCR amplification, the resulting translation products could be equipped with a C-terminal His 6 tag mediated by the vector. Regarding the restriction site, two plasmid-encoded amino acid residues in the case of the Acds of the three V. paradoxus strains or five amino acids in the case of all other strains were located between the protein and the His 6 tag. After transformation of competent E. coli Top10 cells by the ligation assays, transformants were selected by cultivation on LB agar plates supplied with ampicillin. The hybrid plasmids [pET23a(ϩ)::acd xyz , where xyz represents the strain designation] were isolated and analyzed by sequencing. For heterologous acd expression, hybrid plasmids were used for transformation of competent E. coli expression strains (Table 1) .
Purification of heterologously expressed Acds. Expression cultures (50 to 400 ml, 1:5 ratio of medium to flask volume) were incubated in ZYP-5052 autoinduction medium for approximately 24 h at 30°C and with agitation at 105 rpm. Soluble Acd KT2440 was obtained after expression in E. coli Rosetta(DE3). Soluble Acd WT001 was obtained after expression with E. coli Tuner(DE3). All other Acds were expressed in E. coli strain BL21(DE3)(pLysS). Cultivation under the aforementioned conditions repeatedly resulted in the formation of inclusion bodies in the case of Acd N-1 . This was overcome by applying a temperature-shift protocol described elsewhere (29) . Therefore, the cells were initially cultivated in LB medium at 30°C until the optical density at 600 nm (OD 600 ) was 0.3. Subsequently, cells were incubated at 20°C until an OD 600 of 0.6 was reached. After addition of 300 M IPTG (isopropyl ␤-D-1-thiogalactopyranoside), the cultivation was continued at 8°C for a further 20 h. Subsequently, cells were harvested by centrifugation (15 min at 4°C and 3,400 ϫ g) and washed twice with sterile saline. Supernatants were discarded, and the pellets were kept at Ϫ20°C until purification was continued. The purification of the proteins was carried out by taking advantage of the hexahistidine tag carried by the expression vector pET23a(ϩ). For this, cells were resuspended in binding buffer consisting of 100 mM Tris-HCl, 500 mM sodium chloride, and 20 mM imidazole, pH 7.4. Cell disruption was performed by a 3-fold passage through a cooled French press at 100 ϫ 10 6 Pa, and the soluble protein fraction, i.e., the supernatant, was gained after 1 h of centrifugation at 100,000 ϫ g at 4°C, constantly stirred on ice, and subsequently used for enzyme purification. His SpinTrap affinity columns (catalogue number 28-4013-53; GE Healthcare, Uppsala, Sweden) served for extraction of the small enzyme amounts required for initial tests following the instructions of the manufacturer. For this, Ni-nitrilotriacetic acid (NTA) columns were equilibrated with the above-mentioned binding buffer. The washing step was carried out using a buffer of the same composition and pH but containing 40 mM imidazole, whereas the elution required a concentration of imidazole of 500 mM. Large amounts of highly purified enzyme for catalytic tests and size exclusion chromatography were obtained after passage of two serially connected HisTrap HP columns (catalogue number 17-5247-01; GE Healthcare, Uppsala, Sweden) with a 1-ml volume each. Equilibration occurred with 5 volumes of the above-mentioned binding buffer. Two washing steps were performed using a buffer of the same composition with concentrations of 100 and 150 mM imidazole, resulting in a higher Acd purity. Elution was performed as described above by usage of 500 mM imidazole. Glycerol was added to the eluted enzyme to a final concentration of 50% (vol/vol). The proteins were stored at Ϫ20°C at a concentration of 2 mg/ml and were stable for several months. Protein concentrations were determined according to the method of Bradford (30) .
Analytical size exclusion chromatography. For determination of the molecular mass, the various Acds were analyzed by size exclusion chromatography. Sodium phosphate buffer (50 mM) with 150 mM sodium chloride and an adjusted pH of 7.4 served for equilibration of the Superdex 200 HP 16/600 column. Calibration was carried out using a highmolecular-mass gel filtration calibration kit (catalogue number 28-4038-42; GE Healthcare, Uppsala, Sweden) that included ovalbumin (44 kDa), conalbumin (75 kDa), aldolase (158 kDa), and ferritin (440 kDa) by following the instructions in the manufacturer's manual. The column was loaded with 800 g of the purified enzyme, and chromatography was performed at a constant flow rate of 1 ml/min. Determination of the elution volume was achieved by observing the absorbance at 280 nm.
Spectroscopic properties of recombinant Acds. Spectroscopic analyses of heterologously expressed and purified Acds were carried out with a UV-2600 spectrophotometer (Shimadzu, Duisburg, Germany) at 25°C under aerobic conditions between wavelengths of 210 and 800 nm. Sodium phosphate buffer (50 mM; pH 7.4) containing 150 mM sodium chloride served as a buffer for the characterization of recombinant Acd with a final concentration of 1 mg/ml. Measurement was done against blank buffer solution using quartz cuvettes (path length, 10 mm; 117.104-QS; Hellma Analytics, Müllheim, Germany).
Enzyme assays. For examination of the desulfinase activity, the putative substrate 3SP-CoA was synthesized according to the procedure described above (see "Chemicals" above). Measurements were carried out by spectrophotometric analysis using DTNB due to its reaction with sulfite (31) . The resulting increase in absorption was quantified at 412 nm (ε 412 ϭ 14,150 M Ϫ1 cm Ϫ1 ) (32) and 30°C. Kinetic activity was determined in triplicate utilizing an assay mixture containing 0.2 mM DTNB and 3SP-CoA of various concentrations (0.2 mM, 0.15 mM, 0.1 mM, 0.075 mM, 0.05 mM, 0.025 mM, 0.0125 mM, 0.0075 mM, 0.005 mM, 0.0025 mM), if not stated otherwise in the text, obtained by diluting the 0.25 mM 3SP-CoA stock solution with appropriate amounts of Tris-HCl buffer (50 mM, pH 7.4). The reaction was started by adding 10 l of the purified enzyme, resulting in a final protein concentration of 2 g/ml. One unit of activity corresponded to the amount of enzyme that catalyzed the conversion of 1 mol substrate in 1 min.
To characterize the substrate specificity of the various Acds regarding the dehydrogenation activity, acyl-CoA thioesters (propionyl-CoA, butyryl-CoA, isobutyryl-CoA, valeryl-CoA, isovaleryl-CoA, 3SP-CoA, succinyl-CoA, and glutaryl-CoA) were prepared as described above. The spectrophotometric analysis was carried out at 300 nm by using an assay containing Tris-HCl buffer (50 mM, pH 7.4) and 0.2 mM ferrocenium hexafluorophosphate, which served as an artificial electron acceptor (ε 300 ϭ 4.3 M Ϫ1 cm Ϫ1 ) (33) . The mixture was preincubated at 30°C, and 10 l purified Acd was added. After another minute of incubation, the reaction was started by the addition of 10 l of the respective acyl-CoA thioester, resulting in a final concentration of 0.13 mM. For analysis of product formation, 15 l TCA (15%, wt/vol) was added to the assay mixture to stop the reaction. Formation of the dehydrogenated CoA thioester was examined by high-performance liquid chromatography (HPLC)-electrospray ionization (ESI)-mass spectrometry (MS).
Analysis of CoA thioesters by HPLC-ESI-MS. HPLC-ESI-MS analyses of CoA thioesters were performed according to a previously described method (1, 21) using an UltiMate 3000 HPLC apparatus (Dionex GmbH, Idstein, Germany) and a serially connected LXQ Finnigan mass spectrometer (Thermo Scientific, Dreieich, Germany). The separation of CoA thioesters at 30°C was achieved with an Acclaim 120 C 18 reversed-phase liquid chromatography (LC) column (4.6 by 250 mm, 5 m, 120-Å pores; Dionex GmbH, Idstein, Germany) using a gradient system with 50 mM ammonium acetate (pH 5.0) adjusted with acetic acid (eluent A) and 100% (vol/vol) methanol (eluent B) as eluents. A flow rate of 0.3 ml/min served for elution. Ramping was performing according to the following pattern: 2 min equilibration with 90% eluent A before injection ensued by a gradual reduction of eluent A from 90% to 0% over a period of 40 min, a hold for 2 min, and a final increase to 90% within 5 min. Eluent B served for complementation to 100% for each step. CoA thioesters were detected at 259 nm using a photodiode array detector. To optimize the ESI-MS system for the maximum generation of protonated molecular ions (parents) of the CoA derivatives, a 0.4 mM CoA solution was directly injected into the ion source of the mass spectrometer at a flow rate of 10 l/min. CoA thioester detection was improved by using tuning parameters with the following values: a capillary temperature of 300°C, a sheath gas flow of 12 liters/h, an auxiliary gas flow of 6 liters/h, and a sweep gas flow of 1 liter/h. A mass range from m/z 50 to 1,000 was scanned. The collision energy in the tandem MS (MS-MS) mode was fixed to 30 V and resulted in fragmentation patterns matching the former ones (34) .
Phylogenetic tree analysis and multiple-sequence alignment. For phylogenetic and sequence analysis, the various biochemically characterized members of the Acd superfamily were identified using the BRENDA database (http://www.brenda-enzymes.info/). The GenBank database delivered the entire amino acid sequences of the Acd homologues. GenBank accession numbers are partly listed below and are presented in the corresponding figures. The ClustalX (35) and the NJplot (36) programs served for construction of the phylogenetic tree. Multiple-sequence analysis was carried out using the BioEdit program (37) .
Nucleotide sequence accession numbers. 
RESULTS
Identification of homologous Acds. The amino acid sequence of the 3SP-CoA desulfinase from A. mimigardefordensis DPN7 T (Acd DPN7 ) (1) was used to find homologous proteins within the database of the National Center for Biotechnology Information (NCBI). It was searched for in the genomes of A. kashmirensis WT001 (acd WT001 ), B. cereus DSM31 (acd DSM31 ), B. xenovorans LB400 (acd LB400 ), C. necator N-1 (acd N-1 ), E. coli BL21(DE3) (acd BL21 ), P. putida KT2440 (acd KT2440 ), R. eutropha H16 (acd H16 ), and V. paradoxus strains B4 (acd B4 ), S110 (acd S110 ), and TBEA6 (acd TBEA6 ). Acd TBEA6 was most homologous to Acd DPN7 , with 79% amino acid sequence identity and 88% amino acid sequence similarity. The sequence of Acd N-1 shared 77% identity and 86% similarity with that of Acd DPN7 , and the sequence of Acd LB400 shared 62% identity and 74% similarity with that of Acd DPN7 . The sequences of the other Acds exhibited about 33% identity and 53% similarity with the sequence of Acd DPN7 .
Classification of the investigated Acds within the Acd superfamily. In addition to the Acds investigated in this study, several other biochemically characterized Acds were selected from the NCBI database to generate a distance matrix and a phylogenetic tree (Fig. 1) . In general, a clustering of the Acds according to their substrates occurred within the phylogenetic tree, as described earlier (1, 12) . A clear separation of Acd DPN7 , Acd TBEA6 , Acd N-1 , and Acd LB400 from the other characterized Acds was observed.
A multiple-sequence alignment with the amino acid sequences of all 10 investigated Acd homologs was generated and analyzed by focusing on the position of the catalytic amino acid residue (Fig. 2) . Five Acds-Acd DSM31 , Acd H16 , Acd KT2440 , Acd B4 , and Acd S110 -contained this amino acid in an I-X-E-G-T motif near the C terminus of the protein. In contrast to this, Acd BL21 and Acd WT001 possessed in this motif a glycine residue, which is unlikely to be catalytically active. Instead, a glutamate residue was located upstream of a strictly conserved arginine (Arg-255 with regard to the sequence of i3VD), indicating that these enzymes are putative isovaleryl-or glutaryl-CoA dehydrogenases. Acd TBEA6 , Acd N-1 , and Acd LB400 formed a third group of Acds, with a glycine residue in the I-X-E-G-T motif instead of the glutamate and a glutamine residue upstream of the conserved arginine. Regarding the nucleotide sequence, a single point mutation may have caused this difference. The switch from a GAG (or GAA) triplet coding for glutamate to the CAG triplet coding for glutamine found in the sequences of Acd TBEA6 , Acd N-1 , and Acd LB400 (or CAA in the case of Acd DPN7 ) might be the reason for the difference in the amino acid sequence from the sequences of isovaleryl-and glutaryl-CoA dehydrogenases. In addition, the multiple-sequence alignment also disclosed that all Acds contained a conserved K-X-W/F-I-T motif and a G-X-X-G motif involved in FAD binding (38, 39) .
Cloning of the studied acd genes in pET23a(؉), overexpression in E. coli, and purification and characterization of the translational products. All proteins were expressed in appropriate E. coli strains as described in Materials and Methods and subsequently purified by immobilized metal chelate affinity chromatography to electrophoretic homogeneity (data not shown). Purified proteins were subjected to size exclusion chromatography to determine the molecular mass and the quaternary structure (Table 2 ). All Acds exist as homotetramers, according to the theoretical molecular masses, which were calculated on the basis of the amino acid sequences derived from the respective nucleotide sequences.
Spectroscopic properties of recombinant Acds. Most of the purified enzymes showed a bright yellow color. The absorption spectra of the recombinant Acds were recorded, and the maxima were identified. Except for Acd BL21 , all spectra showed two maxima from 366 to 372 nm and from 443 to 452 nm, in addition to the protein absorption at about 270 nm. As examples, the spectra of Acd TBEA6 , Acd BL21 , and Acd DPN7 (as a reference) are shown in Fig. 3 . The spectra suggest that a flavin cofactor is bound to every Acd. Additionally, the ratios of the maxima were calculated and with the ClustalW program. *, three cysteine residues in the amino acid sequence of Acd DPN7 which might be catalytically active (1) . Arginine residues corresponding to R84 in Acd DPN7 were found only in 3SP-CoA desulfinases ( †1). In addition, the FAD-binding motifs K-X-W/F-I-T (39) ( †2) and G-X-X-G (38) ( †4) are highlighted in black. The two regions that commonly contained the catalytic glutamate residue in acyl-CoA dehydrogenases, amino acid 252 upstream of a highly conserved arginine residue ( †3) and amino acid 374 within the I-X-E-G-T motif ( †5), are shaded in black, too. Furthermore, the remaining conserved amino acids are shaded in gray.
E.c., Escherichia coli; A.k., Advenella kashmirensis; B.c., Bacillus cereus; P.p., Pseudomonas putida; C.n., Cupriavidus necator; V.p., Variovorax paradoxus; B.x., Burkholderia xenovorans; A.m., Advenella mimigardefordensis.
are listed in Table 2 ; they can serve to estimate the protein/flavin ratio, as described in Discussion.
Determination of substrate range. The substrate range was determined by two assays. (i) The ability to desulfinate 3SP-CoA was tested in a continuous spectrophotometric assay. For this, the sulfite released from 3SP-CoA as a product of the desulfination reaction was detected by DTNB, as described earlier, thereby resulting in an increase in the absorption at 412 nm (1). Purified Acd DPN7 , which was recently described to be a desulfinating enzyme, served as a positive control during the desulfination assays (1). In addition, sodium sulfite was applied to verify the stoichiometric reaction with DTNB. The assay was performed with the purified proteins of interest. Typical results of an assay are shown in Fig. 4 . An increase of the absorption was observed only in the samples with Acd TBEA6 , Acd N-1 , and Acd LB400 . None of the other enzymes showed any activity in this assay. The references Acd DPN7 and sodium sulfite also led to a rise in the absorption and confirmed the functionality of the assay (1, 21) .
(ii) Subsequently, a dehydrogenation assay was performed in order to verify that the enzymes were purified in an active form. So far, no substrates have been described for any of the investigated enzymes. Hence, several different acyl-CoA thioesters were synthesized as described in Materials and Methods and were then applied as potential substrates: butyryl-CoA, isobutyryl-CoA, valeryl-CoA, isovaleryl-CoA, glutaryl-CoA, succinyl-CoA, and 3SP-CoA (Fig. 5) . Butyryl-CoA and valeryl-CoA were identified as the substrates for Acd DSM31 , and isobutyryl-CoA was identified as the substrate for Acd H16 , Acd B4 , and Acd S110 . Acd KT2440 was able to dehydrogenate butyryl-CoA, isobutyryl-CoA, and valeryl-CoA. The results of the photometric assay were verified by HPLC-ESI-MS analysis (an example is shown in Fig. 6 ). None of the three identified 3SP-CoA desulfinases (Acd TBEA6 , Acd N-1 , and Acd LB400 ) a The molecular masses include the molecular mass of the His 6 tag. The molecular mass of each Acd was determined by size exclusion chromatography. According to the calculated theoretical molecular mass of the nucleotide sequence, the multimeric state was concluded. b The absorption spectrum from 245 to 800 nm of 1 mg/ml of purified enzyme in 50 mM sodium phosphate buffer containing 150 mM NaCl was taken aerobically at 25°C. The maxima within the spectrum were determined, and the ratio was calculated. c ND, not determined. d Values for Acd DPN7 were determined previously (1).
FIG 3
UV-visible spectrum of purified recombinant Acd DPN7 , Acd BL21 , and Acd TBEA6 between 200 and 800 nm. A total of 1 g protein was applied in 1 ml 50 mM sodium phosphate buffer containing 150 mM NaCl (pH 7.4). Measurements were done aerobically at 25°C. AU, arbitrary units. showed any dehydrogenating activity. Table 3 summarizes the kinetics of the substrates of the Acds. Catalytic properties of recombinant Acds. After identification of appropriate substrates of the recombinant Acds for either desulfination or dehydrogenation, K m , V max , and k cat values were determined in continuous spectrophotometric assays. For Acd TBEA6 , Acd N-1 , and Acd LB400 , the 3SP-CoA desulfination reaction was monitored by the rapid and stoichiometric formation of 1 mol 2-nitro-5-thiobenzoate (NTB; ε 412 ϭ 14,150 M Ϫ1 cm Ϫ1 ) per mol sulfite (1). The dehydrogenation reaction was monitored by the ferrocenium assay described in Materials and Methods. The K m , V max , and k cat values for each enzyme are listed in Table 3 . Acd S110 showed the highest K m /k cat ratio within the group of acyl-CoA dehydrogenases. The K m /k cat ratios of all three newly identified desulfinases were in the same range but were about four times lower than the ratio determined for Acd DPN7 .
Growth of strains harboring a confirmed 3SP-CoA desulfinase on organosulfur compounds. The confirmation of 3SP-CoA desulfinase activity for Acd TBEA6 , Acd N-1 , and Acd LB400 raised the question of whether the corresponding strains are able to grow with 3,3=-dithiodipropionic acid (DTDP) or 3SP as the sole source of carbon and energy. Ralstonia eutropha H16 was cultivated for comparison to C. necator N-1 (see Discussion). Neither V. paradoxus TBEA6, C. necator N-1, B. xenovorans LB400, nor R. eutropha H16 was able to grow on MSM agar plates containing 20 mM DTDP. When cultivated on MSM agar plates containing 20 mM 3SP, no growth was observed for R. eutropha H16 and B. xenovorans LB400. In contrast to this, V. paradoxus TBEA6 and C. necator N-1 clearly showed growth. C. necator N-1 reached the stationary phase within 48 h when the cells were cultivated at 30°C in liquid MSM containing 20 mM 3SP (Fig. 7) . The CoA thioesters were produced from the corresponding anhydride, except for 3SP-CoA, which was synthesized by applying SucCD (see Materials and Methods). 
DISCUSSION
The aim of the present study was to determine whether 3SP-CoA desulfinase activity is an uncommon or a widespread property within members of the acyl-CoA dehydrogenase family. General structure of the investigated Acd homologs. All Acd homologs characterized in this study were purified as tetramers, as revealed by size exclusion chromatography (Table 2 ). This is in accordance with the observation that, with only a few exceptions, all members of the acyl-CoA dehydrogenase superfamily exist in a homotetrameric state (2, 12, 14) . FAD was bound as a cofactor to all investigated enzymes, as indicated by the two absorption maxima between 366 and 372 nm and between 443 and 452 nm in the UV/visible spectra ( Table 2 ; Fig. 3 ). Since FAD and the protein absorb in the 270-nm region but FAD absorbs only in the 450-and 370-nm regions, the ratio of the absorption maxima can serve to estimate the saturation of the FAD-binding sites (40) . On the basis of this, Acd LB400 and Acd N-1 contain more FAD, like, for instance, Acd KT2440 , which might explain the rather low V max values of the latter. However, even if not all FAD-binding sites were saturated in Acd KT2440 , the enzyme was catalytically active. While FAD is obligatory for acyl-CoA dehydrogenases as an initial electron acceptor, the role of FAD in 3SP-CoA desulfinases remains unclear. The desulfination reaction is basically the hydrolysis of 3SP-CoA yielding propionyl-CoA and sulfite, and it is thus not a redox reaction. Consequently, it was proposed that FAD is not involved in catalysis but is necessary for the structural integrity of the tetrameric structure of 3SP-CoA desulfinases and is involved in the proper orientation of the substrate within the active site (1). Only recently, Hamill et al. reported that FAD is important for tetramer formation rather than being involved in catalysis in AidB (41) . This member of the acyl-CoA dehydrogenase family is involved in mitigating DNA damage and shows only minor activity as an isovaleryl-CoA dehydrogenase (42) . Further examples for the structural role of FAD in flavin-containing enzymes are known (43) .
Identification of new 3SP-CoA desulfinases and structural insights. The 3SP-CoA desulfinase activity of Acd TBEA6 , Acd N-1 , and Acd LB400 was clearly shown in this study (Table 3 ; Fig. 4) , while the remaining Acds were not able to catalyze this reaction. Although all 3SP-CoA desulfinases share high sequence similarity to other acyl-CoA dehydrogenases and possess FAD as a cofactor, we verified our assumption that 3SP-CoA desulfination is not a common side reaction of acyl-CoA dehydrogenases. In contrast, it is a feature of unique members of the acyl-CoA dehydrogenase superfamily. The novel 3SP-CoA desulfinases show a comparably high degree of amino sequence identity to Acd DPN7 , the first characterized 3SP-CoA desulfinase (1) , and are separated from other acyl-CoA dehydrogenases, as revealed by phylogenetic tree analysis (Fig. 1) .
The fact that Acd LB400 showed 3SP-CoA desulfinase activity and shares 62% identical and 73% similar amino acid residues with Acd DPN7 indicates that about 30% of the amino acid residues seem not to be strictly conserved in 3SP-CoA desulfinases, although changes could also have compensatory effects. Several of the remaining amino acids are conserved throughout the Acd superfamily and are involved in FAD binding, i.e., the K-X-W/F-I-T motif (39) or a G-X-X-G motif (38) . Nonetheless, distinct amino acid residues that appear to be common for 3SP-CoA desulfinases but that are not found in other acyl-CoA dehydrogenases attract attention (1) . For instance, all three new 3SP-CoA desulfinases possess a glutamine residue corresponding to glutamine 246 in Acd DPN7 (Fig. 2) . It was previously proposed that the absence of a glutamate in this position explains the lack of dehydrogenation ability (1). The presence of glutamine instead of glutamate, which is found in a corresponding position in isovaleryl-CoA dehydrogenase and which is necessary for dehydrogenation, can be explained by a single-nucleotide exchange according to the corresponding nucleotide sequence. For Acd DPN7 , this is the change from GAA (coding for glutamate) to CAA (coding for glutamine). Detailed in silico analyses of acd TBEA6 , acd N-1 , and acd LB400 revealed that in all three cases glutamine is encoded by the triplet CAG. This might be derived from GAG coding for glutamate. However, future studies should investigate if glutamine is necessary for desulfination.
An arginine residue in a position corresponding to Arg84 in Acd DPN7 occurs in each of the novel desulfinases (Fig. 2) . This arginine was expected to be involved in binding of the sulfino group of 3SP-CoA (1), in analogy to glutaryl-CoA dehydrogenases, where an arginine residue is involved in binding of the terminal carboxyl group (44) (45) (46) (47) (48) prior to decarboxylation. Three residues (E87, S95, and Y369, according to the numbering for human glutaryl-CoA dehydrogenase) which probably enable the decarboxylating reaction are absent from nondecarboxylating glutaryl-CoA dehydrogenases and from all 3SP-CoA desulfinases. This might explain why no decarboxylation of succinyl-CoA was observed by Acd DPN7 and the other desulfinases in this and in the previous study (1) . Decarboxylation of succinyl-CoA was assayed due to the structural similarity of 3SP-CoA and succinyl-CoA or, more specifically, the sulfino and the carboxy groups. Moreover, the introduction of a double bond appears to be a prerequisite for decarboxylation, as described for glutaryl-CoA dehydrogenases (46) . Although 3SP-CoA desulfinases most likely cannot introduce such a double bond, even a possible double bond in succinylCoA could not stabilize the transition state and enhance the leaving group potential of the terminal carboxy group, as it was proposed for glutaryl-CoA dehydrogenases (46) . of all three new desulfinases determined for 3SP-CoA were in a similar range and comparable to the values previously reported for Acd DPN7 (1) ( Table 3) . Regarding k cat /K m values, no significant difference was observed between any of the 3SP-CoA desulfinases. Even for Acd LB400 , which showed the lowest degree of sequence identity to Acd DPN7 , the calculated k cat /K m value was comparable to the values for Acd TBEA6 and Acd N-1 .
The newly identified 3SP-CoA desulfinases from V. paradoxus TBEA6, C. necator N-1, and B. xenovorans LB400 showed comparably high calculated pIs of 7.9 to 8.8, whereas the pIs of all other enzymes, including Acd DPN7 , were in the range of 5.3 to 6.8 (Table  2 ). This probably explains the lower k cat /K m values for the three new desulfinases, as the enzyme assays were performed at pH 7.4. However, all enzymes were assayed under the same conditions to ensure comparability. Furthermore, the chromophore 2-nitro-5-thiobenzoate (NTB), which is formed after the reaction of DTNB with sulfite, lost its color at a pH below 7.0. At a pH higher than 8.0, the reagent DTNB was remarkably unstable, resulting in a strong increase in the absorption at 412 nm within minutes.
Substrate specificities of acyl-CoA dehydrogenases. Most notably, the substrate spectrum of the investigated nondesulfinating acyl-CoA dehydrogenases fit well with the clustering obtained by phylogenetic tree analysis (Fig. 1) . Until now, during genome sequencing projects, acyl-CoA dehydrogenases are often annotated without referring to their putative substrate range. Hence, we propose that phylogenetic tree analysis could support the proper annotation of acyl-CoA dehydrogenases. Furthermore, phylogenetic tree analysis might help to identify members of the acyl-CoA dehydrogenases with an unknown substrate range that might be worth further investigation. Acyl-CoA dehydrogenases with an unusual ␣ 2 ␤ 2 composition were described only recently and are involved in dehydrogenation of the cholesterol side chain in M. tuberculosis (14) .
Acd H16 , Acd B4 , and Acd S110 catalyzed the dehydrogenation of the branched substrate isobutyryl-CoA, which indicates an involvement of these acyl-CoA dehydrogenases in amino acid degradation (2) . In contrast to this, Acd DSM31 catalyzed only the dehydrogenation of the straight-chain substrates butyryl-CoA and valeryl-CoA. This indicates a relation of this acyl-CoA dehydrogenase to fatty acid degradation. Acd KT2440 showed dehydrogenation activity with unbranched substrates like butyryl-CoA and valeryl-CoA, as well as with isobutyryl-CoA as a branched substrate. Comparison of k cat /K m values indicated that isobutyryl-CoA is the best substrate of Acd KT2440 (Table 3) . Hence, this acyl-CoA dehydrogenase might also be involved in amino acid degradation.
Growth experiments with V. paradoxus TBEA6, C. necator N-1, and B. xenovorans LB400. Desulfination activity with 3SP-CoA was clearly shown for Acd TBEA6 , Acd N-1 , and Acd LB400 (Table  3) . Accordingly, V. paradoxus TBEA6 and C. necator N-1 showed growth with 3SP. In contrast to this, B. xenovorans LB400 was unable to utilize 3SP as the sole source of carbon and energy.
Until now, the bacterial uptake of 3SP was not investigated in detail. It was postulated earlier that a succinate transporter might be involved due to the high structural similarity between 3SP and succinate (21) . As B. xenovorans LB400 grows on succinate, it is unlikely that such a transporter is absent (49, 50) . Concerning the next steps, a search of the KEGG database (51) revealed that B. xenovorans LB400 possesses all metabolic genes involved in 3SP degradation, with one exception. It lacks prpB, encoding methylisocitrate lyase (EC 4.1.3.30), and, thus, an intact methylcitrate cycle (52) (53) (54) , which is necessary for further metabolism of propionyl-CoA, the product of the desulfinase reaction of Acd LB400 . The closest homolog to PrpB in B. xenovorans LB400 is a 2,3-dimethylmalate lyase (EC 4.1.3.32) which has an amino acid sequence 43% identical and 55% similar to that of PrpB. As shown in Aspergillus niger, 2,3-dimethylmalate lyase can utilize methylisocitrate, but only at a low rate that is not sufficient to allow growth (55) . Consequently, B. xenovorans LB400 cannot utilize 3SP due to the lack of an intact methylcitrate cycle, although it possesses an active 3SP-CoA desulfinase.
Interestingly, comparison of the available genome sequence revealed a high degree of similarity between C. necator N-1 and R. eutropha H16 in a previous study (6) . In the present study, C. necator N-1 was able to utilize 3SP as the sole source of carbon and energy, while no growth of R. eutropha H16 was observed with 3SP.
Strikingly, R. eutropha H16 lacks a 3SP-CoA desulfinase gene, while all other genes, coding for succinate:CoA ligase, methylcitrate synthase, methylcitrate dehydratase, 2-methylisocitrate dehydratase, and 2-methylisocitrate lyase, necessary for utilization of DTDP and 3SP are present, according to the pathway proposed for A. mimigardefordensis DPN7 T (1). This is corroborated by the observation that Acd H16 , which is the ortholog with the highest sequence similarity to Acd N-1 , did not catalyze 3SP-CoA desulfination. Hence, we propose that the lack of an appropriate 3SP-CoA desulfinase could explain the inability of R. eutropha H16 to utilize 3SP. It would be interesting to investigate if complementation of strain H16 with acd N-1 would enable growth on DTDP and 3,3=-thiodipropionic acid (TDP). Such a complemented wild-type strain would facilitate new approaches to study the catabolism of these two organosulfur compounds as precursors for biosynthesis of polythioesters in R. eutropha H16.
Conclusions. In summary, the 3SP-CoA desulfinase activity of three new acyl-CoA dehydrogenase-like enzymes has clearly been shown in this study. None of the three enzymes showed dehydrogenase activity. Therefore, the systematic name of these novel enzymes is 3-sulfinopropionyl-CoA desulfinase. In addition, the substrate range of five hitherto uncharacterized acyl-CoA dehydrogenases was elucidated. The clustering of different acyl-CoA dehydrogenases according to their substrates observed during phylogenetic tree analyses might be helpful for correct annotation of acyl-CoA dehydrogenases during future genome sequencing projects.
